R ight ventricular (RV) size and systolic function have diagnostic and prognostic value in multiple cardiovascular and pulmonary disorders. [1] [2] [3] [4] However, because of its substernal position and crescentic shape, the right ventricle has been difficult to characterize using conventional 2-dimensional echocardiography. Cardiac magnetic resonance (CMR) provides highly reproducible measures of RV volumes and systolic function. 5, 6 
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and associations in a well-characterized cohort of adults and to quantify the impact of the main determinants of RV enddiastolic (EDV) and end-systolic volumes (ESV), stroke volume (SV), cardiac output (CO), and ejection fraction (EF).
Methods

Study Participants and Clinical Covariates
The Framingham Heart Study (FHS) Offspring cohort was initiated in 1971 and comprises the children of the original FHS cohort and the spouses of those children. All Offspring cohort members are of white race/ethnicity. 8 Offspring participants undergo comprehensive (cycle) examinations every 4 to 5 years. Clinical covariates were collected at the cycle 7 examination (1998) (1999) (2000) (2001) , the cycle immediately before CMR imaging. Body surface area (BSA) and body mass index (BMI) were calculated using height and weight measured with participants in light clothing. Current smoking was defined as smoking ≥1 cigarette daily over the past year; prior smoking history was available from previous cycle examinations. Cardiovascular disease events included myocardial infarction, angina, coronary insufficiency, heart failure hospitalization, cerebrovascular accident, and cardiovascular death; events were adjudicated using standardized criteria by 3 physician investigators unaware of CMR results. 9 A subset (N=1794) of the Offspring cohort, who participated in the Offspring cycle 7 examination, were in sinus rhythm, and were without contraindications to CMR, underwent CMR scanning. The study was approved by the Institutional Review Boards of the Boston University Medical Center and the Beth Israel Deaconess Medical Center. All participants provided written informed consent.
To assess the effects of age, sex, and body size on RV volumes and EF, we identified a healthy reference group who were free of prevalent cardiovascular disease and had no diagnosis of asthma, emphysema, chronic bronchitis, or deep vein thrombosis. In addition, Offspring with CMR-identified resting left ventricular (LV) wall motion abnormality (in ≥2 anatomically contiguous segments) 10 or LV EF <55% were excluded from the reference group. 11 CMR CMR scanning was performed during 2002 to 2006 on a 1.5-T wholebody system (Gyroscan ACS-NT; Philips Medical Systems, Best, the Netherlands) using a 5-element cardiac array receiver coil. After scout scans, a breath-hold cine 2D stack of contiguous 10-mm-thick slices encompassing the ventricles was acquired using an ECG-gated SSFP sequence in the LV short-axis orientation. Imaging parameters included TR=3.2 ms, TE=1.6 ms, flip angle=60°. In-plane spatial resolution was 1.92 mm×1.56 mm, with 30 to 40 ms temporal resolution.
Image Analysis
Images were analyzed using Q-MASS (v.7.4, QT-Medis, Leiden, The Netherlands) by a single trained reader unaware of clinical data and other CMR results. All contours were verified, and corrected if necessary, by a cardiologist with level 3 training in CMR. Endocardial RV borders were manually segmented at end diastole (cardiac phase with maximal cross-sectional area on a midventricular slice, usually the first image after the R-wave) and at end systole (cardiac phase with minimal cross-sectional area at the same level). Papillary muscles and trabeculations were considered intracavitary volume. RV volumes were determined using an interpolated summation of disks method. 12 RVEF was calculated as 100%×(EDV-ESV)/EDV; SV as EDV-ESV; CO as (EDV-ESV)×heart rate; and cardiac index as CO/BSA.
Statistical Analysis
Data were analyzed using SAS (v9.3, SAS Institute, Cary, NC). Continuous variables are summarized as mean±SD or median (quartiles); P values <0.05 were considered statistically significant. RV parameters between sexes were compared using independent 2-sample t tests. In the reference sample, we tested for sex-specific linear associations of RV measurements with age, BMI, and BSA or height as additional body size covariates using analysis of covariance via the GLM Procedure in SAS. We also tested these covariates in a sexpooled analysis to investigate associations of RV measures with sex, independent of body size. Based in part on these results, we used BSA and height to adjust for body size differences. From the reference sample, we determined sex-specific 5th and 95th percentile cut offs and further stratified reference participants by sex, age group (<55, 55-<65, 65-<75, and ≥75 years), and BMI category (normal, <25; overweight, 25≤BMI<30; obese, 30≤BMI<35, and severely obese, BMI≥35 kg/m 2 ); adjusted least-squares means were generated for these strata. We separately tested sex-specific RV parameters for linear trends within sex and across age and BMI categories. Results for linear regression are summarized using multivariable adjusted linear regression coefficients (β) and standard error (SE). We further tested for sex interactions with BMI.
To investigate potential determinants of RV size and systolic function in the overall sample, we tested the following covariates (in addition to age, height and BSA) in sex-specific linear models: systolic blood pressure, heart rate, fasting plasma glucose, triglycerides, total/high-density lipoprotein cholesterol ratio, creatinine, smoking, hypertension, dyslipidemia, diabetes mellitus, LV wall motion abnormality, and prevalent cardiovascular and lung disease.
Observer variability was assessed in 48 randomly selected participants, evenly divided between sexes, using intraclass correlation coefficient. We also determined the mean signed difference between each pair of observations and the ratio of absolute difference to the average of the 2 observations for each RV parameter. To assess internal consistency between RV and LV analyses, 11 we calculated the ratio of RV to LV SV.
Results
CMR was performed in 1794 Offspring cohort members (aged 37-89 years) with 1753 (97.7%) having interpretable RV data and available covariates. Among these, 1336 Offspring with normal LV systolic function who were free of prevalent clinical cardiovascular and pulmonary disease formed the reference group. Baseline characteristics are presented in Table 1 . Reference group participants were younger than nonreference participants and had lower prevalence of hypertension, obesity, and diabetes mellitus (all P<0.01).
Men had greater RV EDV, ESV, SV, and CO (all P<0.001; Table 2 ); these differences persisted after indexation to height and to BSA (all P<0.001 for both sexes). Women had greater RV EF than men (68±6% versus 64±7%; P<0.001). Sex-specific 5th and 95th percentile cut points for EF, raw and indexed RV volumes, and CO from the reference group are presented in Table 2 . The Figure shows sex-specific box plots for RV EF and BSA-indexed RV volumes. Overall, distributions were generally symmetrical (without excessive skewness).
RV EDV, ESV, SV, and CO each decreased with greater age among both men and women (P<0.001 for all), with similar patterns after indexation to height or BSA. EF increased with advancing age group in both sexes (Table 3) .
Regarding obesity (Table 4 ), RV EDV, SV, and CO increased across greater BMI categories in both sexes (P<0.001 for all); ESV increased only in women. EF did not vary with BMI in either sex. Indexation to height preserved the relationships between RV parameters and BMI category in both sexes, P<0.001 for all. However, BSA-indexed RV EDV and ESV decreased with greater BMI category in both sexes; additionally, SV/BSA also decreased in women (all P<0.02). (Table 5 ) showed significant associations between RV measures and both age and BMI in both sexes. In the models using height as a lean body size indicator (Model 2), both height and BMI were positively associated with RV volumes. In model 3, where BSA replaced height, BSA was significantly associated with RV volumes and CO, but not with EF; BMI became inversely associated with RV volumes. Sex-pooled models demonstrated that sex was associated with RV measures independently of age, height, and BMI for all raw RV measures (Table 5 ; all P<0.001). In BSA-indexed RV measures, there was an independent association with sex in all RV measures (all P<0.02), except CO. BMI-associated increase in CO was greater in men than in women (BMI×sex, P for interaction <0.001).
Sex-specific linear regression models
Multiple-adjusted linear regression models in the whole sample showed that additional clinical variables had no impact on the RV measures predicted by age, body size measures, and heart rate in either sex ( Table I in the Data Supplement). There were weak inverse associations with high-density lipoprotein cholesterol in men and triglycerides in women. Presence of LV wall-motion abnormality was associated with greater RV ESV and lower RV SV, CO, and EF in men, but not women; this may be because of the lower prevalence of LV systolic dysfunction in women (4% versus 13% in men).
RV measurements were reproducible: interobserver intraclass correlation coefficients for EDV, ESV, SV, and EF were 0.988, 0.975, 0.967, and 0.925, respectively. Mean differences between readers were minimal: 1.0 mL (EDV), 1.3 mL (ESV), 
Discussion
In this cross-sectional study of over 1300 adults free of clinical cardiovascular and pulmonary disease from the longitudinally followed, community-dwelling Framingham Offspring cohort, we present reference CMR values for RV anatomic and functional parameters using a modern SSFP sequence. RV EDV, ESV, SV, and CO were greater in men, whereas EF was greater in women. Overall, RV volumes decreased with increasing age and faster heart rate and increased with greater height and with obesity in both sexes. Sex differences persisted after indexation for body size. 15 Kawut et al 13 reported that men had greater RV volumes and mass, but lower EF, than women. They also found ethnic differences in RV EDV. RV EF was greater in women than in men and increased (≈1% per decade) with age among nonwhites, but not whites. Chahal et al found that overweight and obesity were associated with greater RV volumes and lower EF as compared with lean participants. 14 Our findings are largely concordant with MESA reports but extend the literature in that we used a modern SSFP CMR imaging sequence; the reference values presented here are more clinically applicable than those based on the now outdated gradient-echo sequence. We found greater RV volumes with increasing BMI category, but did not observe a BMI-associated decrease in RV EF. This apparent discrepancy versus Chahal et al may in part be related to the greater ethnic homogeneity of our study sample. Although MESA investigators adjusted for ethnicity, it is notable that the proportion of Chinese (with greater RV EF) decreased over increasing BMI category, whereas the proportion of blacks (with lower RV EF) increased with BMI category. 14 There are prior reports of RV reference values determined using SSFP CMR. Maceira et al scanned 120 healthy adults (60 men; 20-80 years; 10 subjects/age decade) 6 and found greater absolute and greater indexed RV volumes and mass in men, but no sex differences in EF. However, they found greater EF with increasing age. Alfakih et al studied 60 healthy adults using both gradient-echo and SSFP-based sequences. 17 They found greater EDV and ESV in men, with persistence of sex differences after indexation to height and to BSA. EF was greater in women regardless of sequence, but gradient-echo EF was significantly lower (≈4 EF%) than SSFP EF.
The SSFP-based studies of Hudsmith et al 5 and Alfakih et al 17 reported greater RV EDV and ESV than our results. However, mean ages in those studies were 38 and 42 years, >20 years lower than in the present study; this may in part explain the smaller RV volumes found in our sample of middle-aged and older adults. However, consistent with our findings, most prior studies show smaller RV sizes and CO with increasing age. 5, 6, 13, [18] [19] [20] The present study extends these early SSFP-based reports in that our study sample was an order of magnitude larger, with participants drawn from a meticulously phenotyped community-dwelling cohort.
The greater RV volumes, and lower RV EF, seen in men versus women parallel our findings regarding the left ventricle, where men also had greater LV volumes and lower LV EF as compared with women. 11 Further, both raw and indexed RV and LV volumes were smaller, whereas EF increased, with advancing age in both sexes. The age-associated increase in LV EF may be driven by concentric remodeling (greater LV mass/EDV ratio) with greater age; unfortunately, we could not assess whether there is a similar relationship between RV EF and mass/volume ratio, as we did not measure RV mass.
Clinical Implications
We indexed RV volumes and output to commonly used measures of body size, height, and BSA, 21 with height as a surrogate for lean body size and BSA as a surrogate for total body size. Although height did not fully adjust for obesity, indexation to BSA minimized, or slightly overcorrected, the impact of body size and obesity, suggesting that indexation of RV volumes to BSA is reasonable, though not perfect. Presently, we cannot identify the optimal indexation method. Ideally, one might compare RV parameters, variously scaled, for prediction of incident adverse clinical outcomes, but this is beyond the scope of our cross-sectional study. We found inverse associations between high-density lipoprotein cholesterol and RV volumes and CO in men, and triglycerides and RV volumes in women, but overall the effect size of lipid profile on RV parameters was weak. The principal determinants of RV volumes were sex, age, body size, and heart rate, suggesting that our proposed reference values are robust enough for broad clinical application.
Limitations
Cine RV images were acquired using LV short-axis image planes. Imaging planes optimized for the right ventricle have been proposed, 22 but these require additional image acquisition and was not practical with our one-breath hold-per-slice protocol. Although we excluded study participants with clinical pulmonary disease, we did not have measures of pulmonary artery pressure, which could also impact RV size and function. We did not measure RV mass because this was outside the scope of our analysis protocol. All members of FHS Offspring cohort are white, and most study participants were middle-aged or older. Our results may not extend to other ethnicities or age groups. Finally, our data are cross-sectional; the associations noted between age and RV volumes may not be fully representative of data derived from longitudinal studies of the same individual followed over several decades.
Conclusions
We present sex-specific normative values for RV volumes and EF based on 1336 community-dwelling adults scanned using a modern SSFP CMR sequence. RV volumes are greater in men, but women have higher RV EF. In both sexes, RV volumes decrease with greater age, but there were no differences in RV EF across age categories. Finally, RV volumes and output vary with body size; indexation of these measures to BSA is an appropriate method of accounting for differences in body size. 
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